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heavily	 on	 areas	 undergoing	 rapid	 habitat	 loss,	 have	 higher	 climate	 sensitivity	
indices.
Results:	We	find	that	species	which	rely	more	on	the	Yellow	Sea	during	migratory	
stopover	 (a	 region	which	has	undergone	severe	habitat	 loss)	are	more	sensitive	to	
rainfall	anomalies	 in	their	Arctic	breeding	grounds,	suggesting	that	habitat	 loss	re‐






Main conclusion:	By	applying	methods	 in	combination,	 it	 is	possible	 to	use	citizen	
science	data	 from	a	 single	 location	 in	a	 flyway	of	over	160	sites	up	 to	11,680	km	
apart,	 to	 investigate	 how	 different	 stressors	 correlate	 with	 local	 population	
dynamics.
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1  | INTRODUC TION
With	 only	 9%	 of	 migratory	 bird	 species	 adequately	 protected	
throughout	 their	 full	 annual	cycle	 (Runge	et	al.,	2015),	migratory	
species	 are	 increasingly	 qualifying	 for	 threatened	 status	 on	 the	
International	Union	for	Conservation	of	Nature's	 (IUCN)	Red	List	
of	 Threatened	 Species,	 and	 often	 disproportionately	 so,	 in	 com‐
parison	with	non‐migratory	species	(Kirby	et	al.,	2008).	However,	
understanding	 the	 processes	 driving	 population	 declines	 is	 chal‐
lenging	in	mobile	species	(Kraan	et	al.,	2009;	Norris	&	Taylor,	2006;	
Webster,	Marra,	Haig,	Bensch,	&	Holmes,	2002).	Many	may	travel	
hundreds	 if	 not	 thousands	of	 kilometres	between	 their	 breeding	






they	 travel	 (Catry,	 Dias,	 Phillips,	 &	 Granadeiro,	 2013;	 Harrison,	
Blount,	 Inger,	 Norris,	 &	 Bearhop,	 2011;	 Rakhimberdiev,	 Hout,	
Brugge,	Spaans,	&	Piersma,	2015).	Not	only	can	these	threats	im‐
pact	 populations	 at	 a	 later	 date	 (and	 therefore	 at	 different	 loca‐
tions)	through	carry‐over	effects	 (Norris	&	Taylor,	2006;	van	Gils	






















monitoring	data	 at	 a	 single	heavily	 studied	 site	 in	Australia	with	
remotely	sensed	environmental	conditions	across	their	entire	mi‐
gration	route,	over	160	sites	and	a	20‐year	period.	By	using	this	
combined	 approach,	 we	 aim	 to	 understand	 how	 environmental	
conditions	relate	to	population	dynamics	in	migratory	shorebirds	
of	 the	East	Asian–Australasian	Flyway	 (hereafter	EAAF).	 Indeed,	
this	 flyway,	 which	 extends	 from	 the	 Bering	 Strait	 to	 Tasmania,	
has	one	of	 the	highest	shorebird	species	diversities	 in	 the	world	
(Amano,	 Szekely,	 Koyama,	 Amano,	 &	 Sutherland,	 2010).	 This	
bird	 group	 has	 one	 of	 the	 most	 rapidly	 declining	 IUCN	 conser‐
vation	 statuses	 (Szabo,	Butchart,	 Possingham,	&	Garnett,	 2012),	
as	 a	 combined	 result	of	 steep	population	declines	 (Studds	et	 al.,	
2017)	 and	poor	environmental	 governance	 (Amano	et	 al.,	 2017).	




Cooper,	 Clemens,	Oliveira,	 &	Chase,	 2012).	 In	 Australia,	 the	 se‐
verity	of	 these	declines	has	prompted	 the	 recent	 listing	of	eight	
taxa	 as	 nationally	 threatened	under	 the	Environment	Protection	




van	Gils	 et	 al.,	 2016;	 van	Gils	&	 Piersma,	 2004;	Wauchope	 et	 al.,	
2016),	coupled	with	intertidal	habitat	loss	in	an	important	migratory	
bottleneck,	 the	 Yellow	 Sea	 (MacKinnon,	 Verkuil,	 &	Murray,	 2012;	
Murray,	Clemens,	Phinn,	Possingham,	&	Fuller,	2014;	Piersma	et	al.,	
2016;	 Studds	 et	 al.,	 2017;	Yang	et	 al.,	 2011).	However,	we	have	 a	
poor	 understanding	 of	 how	 these	 two	 factors	may	 interact	 to	 in‐
fluence	population	dynamics.	 Indeed,	 it	 is	unclear	whether	habitat	
loss	 is	 likely	to	 increase	a	species’	sensitivity	to	climate	anomalies,	
and	whether	sensitivity	to	climate	extremes	is	likely	to	be	stronger	
in	 declining	 species.	 Here,	we	 use	 citizen	 science	 data	 to	 explore	







We	analysed	 20	years	 of	 count	 data	 collected	 between	 1992	 and	
2012	 from	Moreton	 Bay	 (Figure	 1),	 Australia	 (27.31°S,	 153.34°E),	
with	the	aim	of	distinguishing	between	local	and	remote	correlates	
of	 change	 in	 seven	 migratory	 shorebird	 species:	 bar‐tailed	 god‐
wit	 (Limosa lapponica baueri),	 curlew	sandpiper	 (Calidris ferruginea),	
eastern	 curlew	 (Numenius madagascariensis),	 great	 knot	 (Calidris 
tenuirostris),	 grey‐tailed	 tattler	 (Tringa brevipes),	 lesser	 sand	 plover	
K E Y W O R D S
carry‐over	effects,	climate	sensitivity,	growth	rate,	migration,	N‐mixture	model,	shorebirds
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(Charadrius mongolus)	and	red	knot	 (Calidris canutus).	 In	the	follow‐







2.1 | Case study: Moreton Bay
Around	40,000	migratory	shorebirds	spend	the	non‐breeding	sea‐
son	in	Moreton	Bay,	including	internationally	important	numbers	of	
globally	 endangered	 eastern	 curlew	 (IUCN;	 BirdLife	 International,	
2017a)	and	great	knot	(IUCN;	BirdLife	International,	2016a),	as	well	





Australia	 year‐round)	 showing	no	directional	 change	 in	population	
abundance	 (Wilson,	 Kendall,	 Fuller,	 Milton,	 &	 Possingham,	 2011).	







count	 data	 collected	 by	 the	 Queensland	 Wader	 Study	 Group	
(QWSG)	 between	 1992	 and	 2012	 at	 40	 high‐tide	 roost	 sites	
(Milton	&	Driscoll,	2006).	Specifically,	count	data	were	used	from	
the	non‐breeding	 season	between	 the	months	of	December	 and	
February	 each	 year,	 when	 shorebirds	 are	 unlikely	 to	 undertake	
migratory	movements	due	to	their	annual	primary	moult	(Higgins,	
Peter,	Cowling,	Steele,	&	Davies,	2006;	Marchant	&	Higgins,	1993).	













wind	 strength	covariate	however,	we	 replaced	any	NAs	with	 the	
average	value	of	 the	 counts	made	 that	month	 to	 reflect	 average	
conditions	across	sites.	Count	data	are	available	upon	request	from	
the	QWSG	(http://waders.org.au).
2.2.2 | Remotely sensed climatic variables
To	 distinguish	 between	 local	 and	 remote	 correlates	 of	 population	
change,	we	measured	 climatic	 conditions	 throughout	 the	 entire	mi‐
gratory	cycle:	non‐breeding	 (NB),	northward	migration	 (NM),	breed‐




















































































































species.	Weights	 were	 estimated	 from	maximum	 population	 flow	


















(NOAA)—Earth	 System	Research	 Laboratory	 (ESRL)	 (Land	 Surface	
Temperature;	 GHCN	 CAMS	 Gridded	 2	m	 Temperature).	 We	 used	




We	 used	 Global	 Precipitation	 Climatology	 Project	 (GPCP)	 pre‐
cipitation	data	from	the	NOAA	Earth	System	Research	Laboratory	









date	of	 snowmelt	 and	 snowfree	duration	 following	 van	Gils	 et	 al.	
(2016),	from	which	we	calculated	anomalies	to	capture	phenological	
mismatches.
2.3 | Predicted impacts of climate anomalies on 
population growth
2.3.1 | Non‐breeding: Moreton Bay
We	 used	 Moreton	 Bay	 temperature	 anomaly	 as	 an	 indicator	 of	
drought	 and	 therefore	 habitat	 availability	 (Figure	 2).	 Shorebirds	









sitive	 to	water	 height	 at	 roost	 sites	 (Rogers,	 Battley,	 et	 al.,	 2006;	
Rogers,	 Piersma,	 et	 al.,	 2006).	 Abnormally	 low	 rainfall	 can	 cause	
roost	sites	to	dry	up	and	become	unavailable	to	birds	(Geering	et	al.,	
2007).	On	the	other	hand,	abnormally	high	rainfall	can	result	 in	(a)	
increased	sedimentation	and	 therefore	a	change	 in	 intertidal	 sedi‐
ment	structure	and	shorebird	foraging	(Clemens,	Skilleter,	Bancala,	
&	Fuller,	2012),	 (b)	a	change	in	intertidal	chemistry	with	decreased	
salinity	 and	 bivalve	 mortality	 (Matthews,	 2006)	 and	 finally	 (c)	 in‐
undation	of	 roost	 sites	 (Rogers,	 2003).	Abnormal	 rainfall	 in	 inland	




2.3.2 | Stopover: East Asia and Australasia





Loyn,	 2010).	 Conversely,	 abnormally	 high	 temperatures	 can	 result	












We	used	winter	 temperature	 anomaly	 as	 an	 indicator	of	 inter‐
tidal	habitat	productivity.	Severe	winter	temperatures	can	result	in	






shorebirds	 arrive	 in	 the	 high	 Arctic	 to	 breed	 just	 as	 the	 snow	
starts	to	melt	so	that	chicks	hatch	during	peak	insect	abundance	
(Rakhimberdiev	et	al.,	2018;	Reneerkens	et	al.,	2016).	Abnormally	
early	 snowmelt	 can	 mean	 a	 phenological	 mismatch	 between	
shorebird	 arrival	 and	 habitat/food	 availability,	 while	 abnormally	
late	snowmelt	can	mean	birds	arrive	in	the	breeding	grounds	while	






reduce	 arthropod	 abundance	 (Hodkinson,	 2003),	 an	 important	 food	
source	for	breeding	shorebirds	and	their	chicks	(Smith	et	al.,	2010).
We	used	 the	 duration	 of	 the	 snowfree	 period	 in	 the	 breeding	
grounds	the	previous	summer	as	an	indicator	of	productivity	during	






















2.5 | Deriving population growth rate from the N‐
mixture model
N‐mixture	 models	 assume	 a	 population	 is	 closed	 to	 immigration,	
emigration,	recruitment	and	mortality	(Royle,	2004).	However,	birds	
are	known	 to	occasionally	move	between	sites	 from	one	count	 to	
the	 next	 (Coleman	&	Milton,	 2012),	 violating	 the	 closure	 assump‐
tion.	Thus,	abundance	is	estimated	at	each	site	independently,	and	
birds	present	at	two	sites	during	the	same	monthly	count	are	clas‐
sified	as	 false	positives.	Therefore,	we	are	 likely	 to	underestimate	
detection	probability	p	and	overestimate	abundance	N	(Supporting	
Information	Appendix	 S1	 and	 Figure	 S3).	 Yet	we	 can	 assume	 that	
birds	move	an	equal	amount	between	sites	from	one	year	to	the	next	
(Coleman	&	Milton,	2012),	making	these	under‐	and	overestimations	
of	detection	and	abundance	 (respectively)	 constant	over	 time	and	
space.	The	relative	change	in	abundance	from	one	year	to	the	next	
is	 therefore	 also	 constant	 over	 time,	 providing	 a	 reliable	 estimate	
of	population	growth	rate.	Indeed,	we	estimated	population	growth	
rates	 for	 each	 of	 the	 seven	 species	 using	 the	 following	 equation	
(Sibly	&	Hone,	2002):
where	population	growth	rate	λ	 for	the	annual	cycle	t	was	depen‐
dent	on	abundance	N	across	all	sites	 i ϵ	 {1,2,…,S}	 from	the	current	
non‐breeding	 season	 t	 and	 the	previous	non‐breeding	 season	 t−1.	
Population	 growth	 rates	were	 estimated	within	 JAGS,	 allowing	 si‐
multaneous	estimates	of	their	credible	intervals.
2.6 | Effects of climate and Yellow Sea reliance on 
population growth rate
We	used	weighted	 least	 squares	 (WLS)	 regressions	 to	 test	 for	 the	
effects	of	climatic	anomalies	at	each	migratory	stage	on	local	popu‐
lation	growth	rate	λ (as	derived	from	the	N‐mixture	model	above),	
while	 also	 accounting	 for	 species‐specific	 responses.	WLS	allow	a	




(according	 to	2.3),	and	year	as	 fixed	effects,	 including	 interactions	































Because	 the	 best	 model	 had	 a	 weight	 of	 over	 0.91	 and	 a	
ΔAIC	>	6,	 we	 used	 this	 model	 to	 investigate	 whether	 a	 species	
reliance	on	 the	Yellow	Sea	during	migration	 increased	 its	 sensi‐
tivity	to	climatic	anomalies	at	later	migratory	stages.	To	do	so,	we	
extracted	 the	modelled	 growth	 rates	over	 the	observed	 climate	




anomalies	 themselves.	 This	 value	 therefore	 acted	 as	 a	 species‐
specific	 indicator	 of	 growth	 rate	 sensitivity	 to	 climatic	 variabil‐
ity	 (climatic	 variability	 index).	 Finally,	we	 compared	 this	 climatic	








ulation	 trend	 (β in	 Table	 1)	 and	 that	 detection	 probability	 p was	
influenced	by	 tide	height	xtide	 and	wind	strength	xwind.	Our	abun‐
dance	estimates	provide	strong	evidence	that	curlew	sandpiper	and	
eastern	 curlew	declined	 between	1992	 and	 2012,	with	β = ‐4.8%	
and	‐3.8%,	respectively	(Table	1).	Our	analyses	do	not	provide	evi‐
dence	of	long‐term	trends	in	the	remaining	species.	High	tide	height	




site.	However,	 a	 spring	 tide	 could	 result	 in	 roost	 site	 inundation,	
causing	birds	to	seek	an	alternative	roost	site	and	move	out	of	ob‐
server	 detection	 range.	Wind	 strength	 increased	 detection	 prob‐
ability	for	bar‐tailed	godwit	(xwind	=	0.9;	Table	1)	and	eastern	curlew	
(xwind	=	0.61;	 Table	1),	 suggesting	 these	 species	 (which	 are	 larger)	
are	more	likely	to	concentrate	inside	specific	roost	sites	under	high	
wind	conditions.
3.2 | Yellow Sea reliance, climate and population 
growth rate λ
We	found	a	negative	but	non‐significant	correlation	between	Yellow	





We	 then	 tested	 for	 species‐specific	 responses	 in	 population	
growth	rate	to	climatic	anomalies	at	different	migratory	stages.	The	
model	with	the	lowest	AIC	score	had	a	weight	of	0.91	and	ΔAIC	>	6	
with	 the	 next	 best	 model	 (Table	 2;	 adj	 R2	=	0.69,	 F = 4.91 on 74 




breeding	 stopover,	 breeding	 and	 post‐breeding	 stopover	 (Tables	
2	and	3).	More	specifically,	eastern	curlew	and	lesser	sand	plover	




anomaly	 during	pre‐breeding	 rainfall	 (Figure	3a,b),	 a	 negative	 re‐
sponse	to	post‐breeding	temperature	anomaly	(Figure	3j,l),	as	well	
as	 curlew	 sandpiper	 (Figure	 3k).	During	 post‐breeding	migration,	
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eastern	curlew	also	showed	a	negative	response	to	rainfall	anom‐




Thus,	 more	 curlew	 sandpipers	 were	 returning	 to	 Moreton	 Bay	
when	the	previous	summer	had	been	rainier	than	usual.
We	then	investigated	whether	Yellow	Sea	reliance	correlated	with	
an	 increase	 in	 a	 species’	 sensitivity	 to	 climate	 anomalies	 (Supporting	
Information	Appendix	S5).	We	found	a	positive	relationship	between	cli‐
mate	sensitivity	to	breeding	rainfall	anomalies,	and	Yellow	Sea	reliance	
(adj	R2 = 0.63 F = 11.21 on 1 and 5 df,	p	=	0.020;	Rain_B	in	Supporting	
Information	Appendix	S5).	Finally,	we	found	a	correlation	between	rate	
of	 decline	 and	 climate	 sensitivity	 index	 for	 rain	 during	 pre‐breeding	
migration	(adj	R2	=	0.53,	F = 7.71 on 1 and 5 df,	p	=	0.039,	Supporting	
Information	Appendix	 S6)	 and	 temperature	during	post‐breeding	mi‐











Our	 results	 suggest	 that	migrating	 through	 the	 Yellow	 Sea	 in‐
creases	 a	 species’	 sensitivity	 to	 rainfall	 anomalies	 in	 the	 breeding	
grounds	(Supporting	Information	Appendix	S5).	Indeed,	high	rainfall	
is	 likely	 to	cause	a	decrease	 in	arthropod	abundance	 (Smith	et	al.,	
2010),	a	major	food	source	for	Arctic	breeding	shorebirds	and	their	
chicks.	 Thus,	 as	 income	 breeders,	 shorebirds	 are	 likely	 to	 be	 able	
to	 recover	 from	 bad	migratory	 conditions	when	 conditions	 in	 the	
breeding	grounds	are	also	good.	However,	bad	breeding	conditions	
will	 likely	 reduce	 their	 resilience	 to	 habitat	 loss	 at	 stopover	 sites.	









Trend (β) SE Tide (xtide) SE
Wind strength 
(xwind) SE
Bar‐tailed	godwit 0.0059 0.0071 −1.22** 0.22 0.9** 0.28
Curlew	sandpiper −0.048** 0.017 −0.88** 0.25 0.21 0.29
Eastern	curlew −0.038** 0.007 −0.86** 0.13 0.61** 0.17
Great	knot 0.00013 0.015 −1.28** 0.22 0.32 0.29
Grey‐tailed	tattler −0.011 0.014 −0.72** 0.25 0.03 0.35
Lesser	sand	plover −0.019* 0.014 −5.31** 17 1.49* 1.05
Red	knot −0.043 0.043 −2.48** 0.41 0.64* 0.55
*Signifies	that	25%–75%	(50%	CRI)	of	parameter	estimates	do	not	overlap	0.	**Signifies	that	2.5%–
97.5%	(95%	CRI)	of	parameter	estimates	do	not	overlap	0.	






TA B L E  2  Models	selection	with	lowest	AIC	and	weight	>0.01















1.42 4.28 82 71.53 20.93 6.2 0.04
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are	migrating	southwards	 (Keesing,	Liu,	Fearns,	&	Garcia,	2011).	Also,	
it	 is	not	uncommon	for	populations	which	are	 in	 low	numbers	to	dis‐
play	 higher	 demographic	 stochasticity	 than	 more	 stable	 populations	
(Ricker,	1954),	and	to	be	more	sensitive	to	environmental	perturbations	










anomalies	 as	 anticipated	 (Section	 2.3)	 except	 for	 eastern	 curlew,	
which	 positively	 correlated	 with	 anomalously	 high	 rainfall	 during	
pre‐breeding	migration	(Figure	3a),	but	negatively	correlated	during	
post‐breeding	migration	(Figure	3h).	It	is	unclear	why	this	may	be	the	
case,	but	 it	has	been	shown	 that	abnormally	high	 rainfall	 affected	









the	 region.	There	may	be	 cases	where	 some	 sites,	 located	 thou‐
sands	 of	 kilometres	 apart,	 were	 hotter	 than	 average	 and	 others	



































Bay,	making	 them	 unavailable	 to	 birds.	 This	 suggests	 that	 counts	
could	 have	 higher	 detectability	 if	 not	 carried	 out	 during	 the	 sea‐











TA B L E  3  ANOVA	of	Interaction	terms	for	model	with	lowest	
AIC	identified	in	Table	2
Sum Sq df F value Pr(>F)
Species 11.37 6 5.10 0.00029***
Rain_B 1.24 1 3.32 0.073
snowmelt 1.36 1 3.65 0.061
Rain_NB_lag 0.17 1 0.45 0.50
Temp_NB 0.64 1 1.72 0.19
Rain_NM 0.011 1 0.029 0.86
Winter_Temp_NM 3.66 1 9.86 0.0027**
Rain_SM 0.57 1 1.54 0.22
Temp_SM 0.064 1 0.17 0.68
year 17.76 18 2.65 0.0026**
Species:Rain_B 4.27 6 1.91 0.094
Species:Rain_NB_lag 5.16 6 2.31 0.045*
Species:Temp_NB 7.31 6 3.28 0.0076**
Species:Rain_NM 7.48 6 3.35 0.0067**
Species:Winter_
Temp_NM
5.40 6 2.42 0.037*
Species:Rain_SM 8.61 6 3.86 0.0026**









apart,	 can	 cumulatively	 influence	 population	 dynamics	 locally	 in	
Moreton	 Bay.	 We	 suggest	 that	 the	 driver	 of	 population	 declines	
(habitat	 loss)	 carries	 over	 to	 increase	 the	 likelihood	 that	 climatic	




tional	 process,	while	 the	 protection,	management	 and	 creation	 of	
intertidal	habitats	could	more	rapidly	and	effectively	help	alleviate	
the	 long‐term	 pressure	 these	 shorebirds	 are	 under.	 Indeed,	 stra‐
tegic	 conservation	 investment	 can	 result	 in	win‐win	 situations	 for	
both	shorebirds	and	people	(Dhanjal‐Adams,	Mustin,	Possingham,	&	
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